The region of the Autographa californica nuclear polyhedrosis virus (AcMNPV) encompassing the EcoRI T fragment (29.0 to 30.1 map units) was characterized by DNA sequencing, transcriptional mapping, and site-directed mutagenesis. The largest transcript from this region, an early 1.7-kilobase (kb) poly(A)+ RNA, encompassed three tandem, nonoverlapping open reading frames (ORFs). The largest of these ORFs, ETL, was proximal to the 5' end of the transcript and had the capacity to encode a 28-kilodalton (kDa) polypeptide. A recombinant virus, vETLIgal, containing the Escherichia coli ,-galactosidase ("gal) proteins in vETLogal-infected cells. Cycloheximide did not inhibit synthesis of the 1.7-kb RNA but did inhibit its shutoff, which occurs at 12 h p.i. in the absence of inhibitors. Thus, the ETL gene product is apparently an early 28-kDa protein which is necessary, directly or indirectly, for timely expression of many other AcMNPV genes. The promoter-leader region of the 1.7-kDa transcript showed significant sequence similarities to the leader of the AcMNPV IE-1 gene. The middle ORF within the 1.7-kb transcript, ETM, would encode a hydrophobic polypeptide of 113 amino acid residues. ETS, a small ORF within and proximal to the 3' end of the 1.7-kb transcript, was also transcribed as a set of smaller (approximately 0.5-kb) RNAs initiated heterogeneously in the region between ETL and ETS and persisting throughout infection.
At least three phases of gene expression occur during infection of Spodoptera frugiperda cells by Autographa californica nuclear polyhedrosis virus (AcMNPV): (i) an early phase from approximately 0 to 6 h postinfection (p.i.) that precedes viral DNA replication, (ii) a late phase from approximately 6 to 20 h p.i. that results in production of extracellular budded virus, and (iii) a very late or occlusionspecific phase from 20 through 72 h p.i. that results in production of polyhedra, the occluded form of the virus (for a review, see reference 5) . By analogy to other viruses, it is likely that AcMNPV gene expression involves complex and intricately regulated pathways which include both transcriptional and translational control mechanisms. Evidence for regulated AcMNPV transcription includes Northern (RNA) blot analysis of steady-state levels of RNAs during the course of infection (3, 4, 20, 28, 30) , coupled with inhibitors of protein and DNA synthesis (6, 29) , and transient-expression assays to define factors influencing reporter gene expression (9, 11) .
AcMNPV genes are usually transcribed as sets of unspliced, nested, overlapping transcripts (4-6, 11, 18-20, 25, 28) . A single gene may be transcribed into numerous RNAs which differ in their temporal expression, direction of transcription, and 3' or 5' termini. The complexity of AcMNPV transcription may be related to the regulation of gene expres-sion by mechanisms such as promoter occlusion (4), antisense RNA translational inhibition (6) , or polycistronic translation (14, 25) . In this study, we focused on the EcoRI-T (29.0 to 30) region of the AcMNPV genome known from previous Northern blot analyses to be transcribed at early times p.i. (3, 20) . A prominent transcript of approximately 1.7 kilobases (kb) was observed early (from 2 through 6 h p.i.) but not late (e.g., 12 through 24 h p.i.) during infection. We sequenced this region of the AcMNPV genome, mapped the 1.7-kb and smaller nested transcripts from this region, compared their regulation in the presence and absence of cycloheximide, and undertook preliminary functional analysis of the largest open reading frame (ORF) (ETL) within the 1.7-kb transcript.
MATERIALS AND METHODS
Cells and viruses. The S. frugiperda IPLB-SF-21 cell line (33) served as the primary in vitro host for propagation and determination of the titer of AcMNPV Li (17) . Cells were grown in TC100 media (BM1/TC-10 medium, modified; GIBCO Laboratories, Grand Island, N.Y.; no. 80-5154) supplemented with 2.6 mg of tryptose broth (Difco Laboratories, Detroit, Mich.) per ml, 10% fetal bovine serum, and an antibiotic-antimycotic mixture (GIBCO) as previously described (17) . For RNA and protein studies, the cells were inoculated at a multiplicity of 20 PFU per cell. Virus adsorbed to cells for 1 h, and the end of the adsorption period was taken as zero time. To block protein synthesis, cycloheximide (final concentration, 100 ,ug/ml) was included in the medium at 1 h before inoculation, in the viral inoculum, and in all subsequent incubation media. The TN368 cell line (13) (31) . Sequences were compiled and analyzed by using programs of Pustell and Kafatos (27) . The nuclei, releasing the polyhedra, which were washed once with 70% ethanol and then six times with distilled water by repeated low-speed centrifugation (800 x g for 5 min). The number of polyhedra in the final suspension was determined by hemacytometer.
RESULTS
Nucleotide sequence. The nucleotide sequence of the EcoRI-T region of AcMNPV was determined (Fig. 1A ) by using the sequencing strategy shown in Fig. 1B . The stop codons found in the six possible reading frames of the two strands are presented in Fig. 1C . The EcoRI-T-homologous cDNA clone, isolated by Mainprize et al. (20) and used for previous Northern blot analyses, was also sequenced, and its location with respect to the genomic sequence was determined. This cDNA sequence revealed a poly(A) site at base 1788 or 1789 ( CGCATCGTCGTCGTAAAATT)tG~TATCAAAGAGCAGCTGCAATTAGAATCACTGCTAAAAATGTTCGAAGCGGAATTAAAACCGGCGCAGTTTTGAAGAGGCTWGGTGAAACTTTTA two different RNAs to the same DNA probe could also give rise to the appearance of artifactual 5' ends. The same pattern of multiple protected fragments was found regardless of annealing conditions (80% formamide at 48°C or 3 M sodium-trichloroacetic acid at 45°C). The 5' ends of ETS and ETL were confirmed and precisely mapped by primer extension analysis (see below).
To locate the 3' end of the transcript encoding ETL, probe B (Fig. 2) , exclusively labeled at the 3' end of the EcoRI site, was used in nuclease protection experiments. Several fragments were protected by this probe. Major fragments of 390 and 445 to 555 bases were observed, as well as additional larger fragments 700 and 1,100 bases long. The 390-base fragment would correspond to a poly(A) signal (A2UA3) approximately 75 nucleotides downstream from the ETL ORF, within ETM (Fig. 1A) . The medium-size fragments could correspond to the poly(A) signals in the middle and toward the end of the ETM ORF (Fig. 1A) . However, it is also possible that these bands reflect splice sites or are artifacts due to the high A+T content of this region. The largest of the protected fragments (1,100 bases) corresponds roughly to the double poly(A) signal at the 3' end of ETS (two A2UA3 sequences actually overlap the carboxyl-terminal codon of ETS). These poly(A) signals are known to be utilized from our cDNA sequence analysis (see above). We attempted to map this 3' end by nuclease protection analysis with a 3'-end-filled MIuI site at base 1741 (map position 29.2) but could not protect any fragments by using a wide range of annealing temperatures. Such a fragment would be expected to be very short and extremely A+T rich, possibly accounting for our inability to map the end with this fragment.
The 5' ends of ETS and ETL were more precisely mapped by primer extension with two primers corresponding to the N-terminal regions of ETS and ETL, respectively (Fig. 3) . The 5' end(s) of the ETS-specific transcript(s) was 12 to 16 bases upstream of the ATG of ETS. In addition, larger extension products were observed, which would be consistent with transcript initiation further upstream (such as transcripts of ETL and ETM) and extension through ETS. Extension products in the intermediate range were observed and, in those cases in which the precise sizes could be determined, the ends corresponded to the 5' ends deter- Primer extension of RNA transcripts from the EcoRI-T region of AcMNPV. RNA, prepared as described in the legend to Fig. 2, was reverse transcribed by using the two 5'-end-labeled oligonucleotides shown in the diagram as primers. To locate the extended products precisely, chain termination sequencing ladders (T, G, C, and A) were made by using the same labeled primers. The translation initiation codons for the two potential ORFs, ETS (A) and ETL (B), are shown on the sequencing ladder. Eco, EcoRI; Mlu, MluI; Dra, DraI; Nar, Narl; Pst, PstI; Sph, SphI. mined approximately by nuclease protection studies ( Fig.  2A) . This result suggests that there are indeed additional 5' ends of ETS RNA mapping in the ETM region, although premature termination of reverse transcriptase on the large 1.7-kb transcript could also generate artifacts. The 5' end of ETL was found to be approximately 44 bases upstream of the ATG of ETL (Fig. 1, base 269; Fig. 3B ).
The transcript originating at base 269 and extending through ETL, ETM, and ETS to the poly(A) site at 1788 or 1789 accounts for the prominent 1.7-kb transcript of this region observed by previous Northern blot analyses (3, 20) .
The smaller, more heterogeneous 0.5-kb transcripts observed in Northern blots with the cDNA probe (20) (Fig. 3B) . At 12 h p.i., however, the level of ETL RNA declined in the absence but not the presence of cycloheximide, indicating that shutoff of this RNA is dependent on continued protein synthesis during viral infection and implicating a viral protein in the shutoff mechanism. This is also observed in Fig. 2A (the 1,480-base  protected fragment) . The data are consistent with the Northern blot studies showing a shutoff of the 1.7-kb fragment at 12 h p.i. (3, 20) .
Similar temporal studies on the ETS-specific transcripts showed a regulation somewhat different from that observed for the 1.7-kb ETL transcript. The small ETS transcripts were present at 4 and 12 h p.i., and cycloheximide had little effect on the levels of these transcripts at 12 h p.i. (Fig. 2A  and 3A, 242-base fragment) . The data are consistent with Northern blot analysis (20) showing the presence of these small (0.5-kb) RNAs late in infection.
To determine whether the opposite DNA strand was transcribed, a probe, 5' end labeled at the EcoRI site (30.2 m.u.) and extending back through the intergenic and ETS regions, was used in nuclease protection assays. Very low levels of one fragment (415 bases) were protected, indicating a very minor transcript in this region (29.7 m.u.; data not shown). This probe would not be expected to detect any possible transcripts of a potential ORF initiating at approximately 30.2 m.u. and extending in the clockwise direction (Fig. 1C) .
Mutations within the EcoRI-T region. Kumar and Miller (15) generated a mutant AcMNPV6a18 by serial passage in TN368 cells that contained a 1.05-kb insertion in the EcoRI T fragment. We further mapped this insertion within EcoRI-T, by restriction enzyme and Southern blot analyses, to the region between the BstXI site at m.u. 29.4 and the HpaI site at m.u. 29.7 (data not shown). This corresponds to the region between the ETL and ETS ORFs, suggesting that the integrity of this region is not essential for virus replication. Mutant 6a18 also had an insertion in the HindIII I fragment, making further conclusions about phenotype difficult.
To determine whether the ETL ORF was essential for virus replication, a recombinant AcMNPV was constructed in which the E. coli Pgal gene was fused in frame to the ETL ORF. The insertion was between the PstI site at 29.9 m.u. and a Narl site at 29.8 m.u. The recombinant contained the N-terminal 60% of the ETL ORF fused to Pgal to give a fusion protein of 133 kDa. The recombinant virus, designated vETL,gal, produced blue plaques on S. frugiperda monolayer in the presence of 5-bromo-4-chloro-3-indolyl-,B-D-galactopyranoside (X-Gal, Sigma Chemical Co., St. Louis, Mo.). Restriction enzyme and Southern blot analyses confirmed that appropriate allelic replacement had occurred (data not shown).
The phenotype of vETL,gal was then examined to determine the possible function of the ETL ORF. The fact that we were able to interrupt the ETL ORF and obtain a viable recombinant suggested that the ETL ORF was not an essential gene for virus replication. When grown in either S. frugiperda or TN368 cells, vETL,gal displayed an MP (many polyhedra) phenotype. When polyhedra were bioassayed on T. ni larvae, no significant difference (P > 0.05) was observed between the infectivity of polyhedra from vETL,gal and the wild-type strain. The bioassay used, however, would not detect subtle differences between the viruses.
The major phenotypic difference observed between wildtype and ETL-,gal AcMNPVs was the nature and temporal regulation of protein synthesis (Fig. 4) . The reduction in host protein synthesis and the appearance of all proteins that are normally synthesized after 10 h p.i. was delayed approximately 4 to 6 h in recombinant-infected cells (Fig. 4, com (Fig.  4) . A protein of similar size was, however, also found at lower levels and at later times in wild-type-infected cells. A protein of approximately 28 kDa was underrepresented in vETL,Bgal-infected cells from 4 through 12 h p.i. (Fig. 4 mide, however, does interfere with the shutoff of the early RNAs, indicating that protein synthesis during viral replication is required for down regulation of ETL expression.
In transient-expression assays, the AcMNPV IE-1 gene product is known to transactivate the transcription of several early AcMNPV genes when a homologous region enhancer is present in cis (9-11). These early RNAs, like the 1.7-kb RNA transcript, are resistant to cycloheximide inhibition (6, 29) . Thus, there is an apparent contradiction between these sets of data, one of which indicates that no prior viral protein synthesis is required for expression of these early genes, whereas the other suggests that the IE-1 product is required. It should be noted that IE-1 transactivation of these viral genes has not been demonstrated in vivo. If this phenomenon does occur in vivo, one possible resolution of the data would be that the IE-1 protein is associated with the virion.
Interestingly, the leader region of the 1.7-kb transcript is similar to the 5'-flanking-leader region of the IE-1 transcript (Fig. 5) (7, 8) .
The observation that portions of the EcoRI-T region are nonessential for AcMNPV replication suggests that this region may be useful in expressing foreign genes at early times during infection. We also noted that vETL,gal produced small, uniform blue plaques with many polyhedra; this could be very useful in aiding the identification of occlusionnegative recombinants expressing foreign genes under polyhedrin promoter control (23) .
